frame under the influence of the interatomic potential of the remaining stationary lattice. The characteristic vibration frequency obtained for bulk ZnS is 7.12 Ϯ 1.2 THz. This value is consistent with that reported previously for bulk CdSe (27, 28) . In comparison, the characteristic vibration frequency for the ZnS nanoparticles is 11.6 Ϯ 0.4 THz. Although these values cannot be simply related to the full phonon dispersion relations for ZnS, the trend clearly indicates lattice stiffening. This implies that the heat capacity of the ZnS lattice, excluding surface-bound species, is lower in nanoparticles than in equivalent bulk material.
There are several features of the nanoparticles that may be responsible for the lattice stiffening. First, the PDF analysis indicates ϳ1% bond length compression. Because crystalline materials show an increase in vibration frequencies with pressure (away from phase transitions), the compression will cause lattice stiffening. However, compression of this magnitude alone cannot explain the large increase in vibration frequency. The average change in bond length provides an incomplete picture because disorder within the nanoparticles leads to a large distribution of bond lengths, and all deviations from the equilibrium bond lengths may increase the vibration frequency. We thus find that structural disorder is principally responsible for the lattice stiffening.
In summary, we quantitatively determined nanoparticle crystallinity and disorder, using a PDF-based method. We found that the best description of nanoparticle structure includes bond length contraction, random disorder, and a type of disorder characterized by correlated atomic displacements. The internal disorder is observed despite the presence of strongly bound surface ligands. We conclude that even with strong chemical passivation, surface atoms exist in diverse unsatisfied bonding environments at the surface that drive inhomogeneous internal strain. A striking consequence of the internal disorder is that the nanoparticles are much stiffer than expected from the measured bond length contraction. Our approach is an important step toward a realistic description of nanoparticle structure that includes internal strain, which is likely to be a general feature of nanoscale solids. Because lattice contraction and disorder will separately modify electronic properties, inclusion of these effects is essential for accurate nanoparticle calculations. The plastic behavior of crystalline materials is mainly controlled by the nucleation and motion of lattice dislocations. We report in situ dynamic transmission electron microscope observations of nanocrystalline nickel films with an average grain size of about 10 nanometers, which show that grain boundary-mediated processes have become a prominent deformation mode. Additionally, trapped lattice dislocations are observed in individual grains following deformation. This change in the deformation mode arises from the grain size-dependent competition between the deformation controlled by nucleation and motion of dislocations and the deformation controlled by diffusion-assisted grain boundary processes.
The plastic deformation of coarse-grained metals at relatively low temperature is usually mediated by the nucleation and motion of dislocations. However, for nanocrystalline metals, dislocation sources and pile-ups are not expected to exist within the individual grains because of the limited grain size and the much higher fraction of grain boundary (GB) atoms (1) (2) (3) (4) (5) (6) (7) (8) . It has been proposed (3-6) that GB-mediated plasticity (e.g., GB sliding and/or grain rotation) substitutes for conventional dislocation nucleation and motion as the dominant deformation mechanism when grain sizes are reduced below a certain value. This conjecture has been supported by molecular dynamics simulations (5, 7, 8) and indirect experimental evidence (2, 9). Dy- 4 Physical and Chemical Science Center, Sandia National Laboratories (SNL), Albuquerque, NM 87185, USA.
*To whom correspondence should be addressed. Email: smao@engr.pitt.edu namic in situ deformation studies (10) (11) (12) (13) have been performed in the transmission electron microscope (TEM) to observe the deformation mechanisms that are active in nanocrystalline metals with grain sizes in the regime where a transition in mechanism is predicted. However, direct experimental evidence of a transition in deformation mechanisms, i.e., from a dislocation-mediated deformation to a GB-mediated deformation, has not been reported (10) (11) (12) (13) (14) .
The Ni samples used in this study were synthesized by directing a high-energy pulsed KrF excimer laser onto a high-purity Ni target under vacuum with a base pressure of about 2 ϫ 10 Ϫ7 torr. The resulting Ni plasma was deposited onto a [001] NaCl substrate with a nominal thickness of 150 nm. TEM observations (Fig. 1A) indicate that the asdeposited Ni consists of roughly equiaxed grains with random orientations (inset in Fig.  1A ). Statistical measurements of dark-field TEM (DFTEM) images reveal a narrow, lognormal grain size distribution, ranging from several nanometers to 23 nm with an average value (ϮSD) of 9.7 Ϯ 3.9 nm (Fig. 1B) . High-resolution TEM (HRTEM) shows that most grains are separated by large-angle GBs. Additional GB phases, porosity, or intergranular microcracks were not detected in these samples after deposition.
The nanocrystalline nickel films were deformed by in situ TEM tensile straining (15) . Figure 2A is a typical DFTEM image of a Ni sample in the undeformed state. Figure 2B is the corresponding selected area diffraction pattern (SADP) before deformation. Upon straining, bright-field TEM observations showed rapid changes in contrast that occur continuously in many different grains. This has previously been identified as evidence of dislocation activity (11, 13) . However, our in situ DFTEM observations revealed that the deformation behavior is substantially more complex. We found many strongly diffracting features that are much larger than the initial average grain size and are formed immediately in the deformed zone upon straining (e.g., the feature marked by a white arrow is about 60 nm in diameter in Fig. 2C ). The SADP from the deformed area (Fig. 2D , taken from the same region and with the same selected area aperture size as the area in Fig. 2B ) exhibited fewer, asymmetrically distributed diffraction spots in each of the diffraction rings in comparison with the SADP obtained before deformation (Fig.  2B) . The reduced background intensity and improved contrast in the SADP of the deformed area (Fig. 2D) indicate that the sample thinned locally during deformation. Higher magnification DFTEM micrographs revealed that the large bright features observed after deformation consist of a number of smaller grains (e.g., Fig. 2E (Fig. 2, A and B ) and the postdeformation state (Fig. 2, C, D , and E) indicates that groups of neighboring grains underwent an orientation change during straining and formed numerous grain agglomerates. Because of the nature of the image formation mechanism of DFTEM images (15), we can conclude that the smaller grains in these agglomerates exhibit essentially edge-on orientations of their {111} and/or {200} lattice planes. The schematic in Fig. 2F depicts a possible crystallographic substructure associated with an agglomerated group of grains that would be consistent with the type of contrast observed in the DFTEM micrographs after straining (Fig. 2E) .
To elucidate further the mechanism responsible for the formation of the agglomerated grain regions, real-time observations were performed. Contrast changes in areas subject to high strain during in situ TEM straining experiments were recorded in the dark-field (DF) mode. The DF micrographs shown in Fig. 3 are still frames extracted from a typical dynamic sequence of images taken during the application of a single displacement pulse. The times listed on each still frame are based on the video-acquisition rate of 30 frames per second. At the beginning of this sequence, there were no grains in a strongly diffracting condition in the area indicated by the white arrow (Fig. 3A) . After 1/30 of a second, a bright spot emerged from a grain about 6 nm in diameter and remained well defined in size as a single, approximately equiaxed grain until t ϭ 0.1 s (Fig. 3B) . Over the next couple of frames, a number of additional neighboring grains rotated into strongly diffracting conditions for either the {200} or {111} planes. Other nearby grains, which were in a strong diffraction condition, did not rotate out of contrast, confirming that there had been no global rotation of the specimen area and that the rotations observed at the arrowed location were internal changes of the sample structure. Additionally, the small "notch" discernible at the lower left corner of the agglomerate (Fig. 3, D and E) indicates that the growth in size of this agglomerated group of grains was not isotropic and involved sudden rotation of individual grains. At t ϭ 0.5 s, the group of grains had grown into an elongated equiaxed shape with an approximate size of 60 nm along the short axis and 80 nm along the long axis. After this very rapid morphological change, the rate of growth of the grain agglomerate decreased significantly.
These TEM observations confirm the prediction that GB-mediated deformation can become prominent when the average grain size of a material decreases below some critical value. Several theoretical studies have considered the operation of grain rotation and GB sliding as possible deformation modes (16) (17) (18) . These studies assume that the driving force for grain rotation is the net torque on a grain, which results from the misorientation dependence of the energy of the GBs that delineate a given grain from its neighbors. Grain rotation is viewed as a sliding problem on the periphery of the grain; changes in the grain shape during rotation are assumed to be accommodated by diffusion, through either the GBs or the grain interiors. If GB diffusion is dominant (a reasonable assumption in nanocrystalline metals with grain size below a certain value at room temperature), it would yield a d -4 dependence on the rotation rate, where d is the grain size. This is a marked dependence on grain size. For example, when d is 60 and 6 nm, respectively, and all other factors are identical, the grain rotation rate for the latter will be 10 4 higher than for the former. This qualitatively explains our observation of extremely rapid formation of the grain agglomerates by rotation during straining. The rate of the grain rotation processes will generally decrease with time, as a state of new equilibrium is approached locally.
Previous TEM observations have indicated that dislocations may still play a role in deformation even if the average grain size falls below the grain size at which GB processes may become active (13) . Hence, it may be expected that evidence of lattice dislocation glide activity during straining would exist in the microstructure of deformed nanostructured metals. However, detection of such evidence by postmortem TEM investigations, for instance in the form of dislocation debris or trapped lattice dislocations, has proven unsuccessful (19) . Yamakov et al. (20) suggested that trapped dislocations may only exist inside a nanograin under very high external or internal stress and that the removal of the stress can lead to reversible reabsorption of the partial dislocations at the presumed GB source. However, the traditional sample preparation methods, such as mechanical thinning followed by ion thinning or twin jet polishing will inevitably result in some relaxation of a previously deformed microstructure. This makes it difficult to verify the assumption, and therefore limits further understanding of this important fundamental process. During this study, HRTEM images of suitably oriented grains that were still under stress were obtained in the thin area that was produced by the deformation.
Trapped lattice dislocations were detected in some of the grains. Figure 4 shows an example of an HRTEM micrograph of one of these trapped dislocations (white T) trapped in the vicinity of a GB (delineated by the black dashed line). The inset at the upper right corner in Fig. 4 is an inverse Fourier-filtered image of the region framed by the white box, which displays the dislocation more clearly. Local Burgers circuits were employed to determine the Burgers vectors of the dislocations in HRTEM. As for Fig. 4 , the Burgers vector of the trapped dislocation was determined to be consistent with b ϭ a 2 Ͻ110Ͼ,
where a is the lattice constant of Ni-i.e., a unit dislocation of the face-centered cubic lattice on a (1 11) plane (15) . The frequent observation of trapped lattice dislocations in the postdeformation state indicates that dislocation-mediated deformation is still active even when the average grain size is about 10 nm. Two other recent experiments have also detected the presence of dislocations in nanocrystalline Ni while under stress (21, 22) , although for larger grains (20 and 26 nm, respectively). The physics governing the observed deformation crossover can be understood by considering the effect of grain size on the different operative processes. A number of computational simulations have predicted that GBs can act as dislocation sources in nanocrystalline materials (5, 23, 24) . Based on these simulations, Chen et al. (25) proposed a dislocation-based model suggesting that the nucleation stress for both perfect and partial dislocations is inversely proportional to the grain size. Furthermore, this model predicts the existence of a critical grain size d c , below which the deformation mechanism will change from one controlled by normal unit dislocation motion to one controlled by partial dislocation activity. If we take the dislocation core parameter ␣ ϭ 1, the shear modulus as Ni ϭ 95 GPa (26) , and the stacking fault energy of nickel as ϳ0.128 to 0.24 J/m 2 (27, 28) , the critical size (d c ) for Ni then ranges from ϳ11 to 22 nm. However, according to this theory, the lower bound of the nucleation stress for partial dislocations (for d ϭ 23 nm) in our sample is as high as ϳ2.1 to 2.8 GPa. This indicates that very high local stress is necessary for the nucleation of partial dislocations in nanocrystalline Ni with an average grain size of 10 nm. In contrast, the rate of GB-mediated deformation, as mentioned above, increases rapidly with a scaling of d -4 . Thus, the deformation mechanism crossover is an inevitable result of the competition between the deformation controlled by nucleation and motion of dislocations (unit and partial) and the deformation controlled by GB-related deformation accommodated mainly by GB diffusion with decreasing grain size.
In a critical part of our investigation, we observed the rapid sequence of initial grain realignments by closely examining successive video frames in DFTEM mode. The frequent observation of the GB-mediated deformation reported here (Figs. 2 and 3) would not have been possible in bright-field TEM conditions because of the inherent difficulty with differentiating the contrast changes caused by GB-related deformations from those caused by the motion of lattice dislocations in small grains (e.g., less than 20 nm).
